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Incoherent quasi-elastic neutron scattering (QENS) has been used to measure the dynamics of water molecules
in solutions of a model protein backboni;acetyl-glycine-methylamide (NAGMA), as a function of
concentration, for comparison with results for water dynamics in aqueous solutionsNfatbetyl-leucine-
methylamide (NALMA) hydrophobic peptide at comparable concentrations. From the analysis of the elastic
incoherent structure factor, we find significant fractions of elastic intensity at high and low concentrations
for both solutes, which corresponds to a greater population of protons with rotational time scales outside the
experimental resolutior/(13 ps). The higher-concentration solutions show a component of the elastic fraction
that we propose is due to water motions that are strongly coupled to the solute motions, while for low-
concentration solutions an additional component is activated due to dynamic coupling between inner and
outer hydration layers. An important difference between the solute types at the highest concentration studied
is found from stretched exponential fits to their experimental intermediate scattering functions, showing more
pronounced anomalous diffusion signatures for NALMA, including a smaller stretched expdbrent a

longer structural relaxation timethan those found for NAGMA. The more normal water diffusion exhibited
near the hydrophilic NAGMA provides experimental support for an explanation of the origin of the anomalous
diffusion behavior of NALMA as arising from frustrated interactions between water molecules when a chemical
interface is formed upon addition of a hydrophobic side chain, inducing spatial heterogeneity in the hydration
dynamics in the two types of regions of the NALMA peptide. We place our QENS measurements on model
biological solutes in the context of other spectroscopic techniques and provide both confirming as well as
complementary dynamic information that attempts to give a unifying molecular view of hydration dynamics
signatures near peptides and proteins.

Introduction that would specify the chemical features of the protein surface,
Hydration layers surrounding a biological molecule show the distinct hyd.ration layers ranging from protein surface Watgrs
transport (and structural) signatures that differ appreciably from t© outer hydration layers to bulk liquid as well as the dynamics
those of bulk watet; 19 differences whose larger implications of the b|olog|cal solute, to explain the large dynamic time scale
for biological functiod®1117.2624 and analogies to glass 'ange thatis observed.
former$11.21.2538 gre an active area of exploration. Many Our own recent work has sought to dissect the full complexity
experimental techniques have been used to measure the dynansf heterogeneous protein surfaces and their different hydration
ics of hydration water such as magnetic resonance dispersionlayer dynamics through the study of model peptide systems as
(MRD),18:3%-41 dielectric relaxation (DR}2-47 NMR,*8-51 and a function of concentration using X-ray and neutron diffraction
incoherent quasi-elastic neutron scattering (QENS) and inelasticstudies, QENS experiments, and molecular dynamics simu-
neutron scatterirfg#6.20.21,27.32.37.38 557 g5 well as time-resolved  lations®7:386871 |n this study, we report incoherent QENS
fluorescence spectroscopi.5° There is some disagreement as measurements at room temperature of water dynamics near a
to whether the large range of time scales measured by thesemodel protein hydrophilic backbons-acetyl-glycine-methy-
techniques, from tens of picoseconds to hundreds of nanoseciamide (NAGMA), at 1.0 and 3.0 M concentrations, and
onds, is actually directly attributable to the hydration layer compare them with our previous studies on agqueous solutions
nearest the protein or peptide surface or to outer hydration layersof a hydrophobic peptidéy-acetyl-leucine-methylamide (NAL-
or even coupling of the hydration dynamics to different MA), at comparable concentrations of 0.5, 1.0, and 2.8 #4.
components of the solute motiéh?"%667 Although there is  According to our structural X-ray scattering experiments and
agreement that the protein surface hydration layer dynamics aresimulations, these solutions organize into monodispersed to very
very heterogeneous, there is little information as to which small clusters of amino acids, with the high-concentration
components of the protein surface chemistry contribute to this sojutions exhibiting only a single hydration layer shared between
heterogeneity. At present, a molecular interpretation is neededgg|ytes (on average), while the low-concentration solutions
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is to use the more precise definition of molecular hydration ps and a longer time scale of 16 ps (monellin) and 38 ps
layers near the peptide model systems as a function of (subtilisin) attributed to the hydration layer dynamtés>
concentration as a way of unifying the distinctly different time resulting in a rotational retardation factor @ydZrpuKk =~ 10—
scale resolutions and interpretations, probed by different spec-40, which again is in significant disagreement with MKD.
troscopic techniques such as MRD, DR, time-resolved fluores-  Fundamentally, the large difference in the meastigg (]
cence spectroscopy, and QENS measurements on aqueous,,, between these techniques indicates that dielectric relaxation
protein solutions. and time-resolved fluorescence spectroscopy characterizes water
MRD can directly probe the orientational relaxation dynamics hydrogen-bonded network dynamics that are more strongly
of 17O-labeled water molecules and is a single-molecule perturbed by the presence of the protein, while MRD observes
dynamics spectroscop§:3%4! The resulting spectral density a weaker perturbation in the water dynamics that suggests that
function is fit to a Lorentzian form to determine an average the hydrogen-bonded network is minimally disrupted with the
residence time and mean rotational correlation time. In MRD introduction of a biological interface. This work reports on a
experiments on proteins, two populations of hydration water new analysis of incoherent QENS data taken on a well-defined
motions have been detected: very long-lived internal waters model system for hydration layers near different side-chain
that reside in protein pockets on the order of a microsecond chemistries, which adds further insight into this ongoing debate
and those that interact with the protein surface with time scales about the molecular view of hydration dynamics.
on the order of 16100 ps!® The comparison of the hydration Incoherent QENS measures single-particle dynamics that
dynamics near protein surfaces to those near small organicprobe both translational and rotational motions on the picosec-
solutes shows that the systems are largely similar, with water ond time scalé476 The QENS measurements of water orien-
orientational relaxation times near proteins increasing by a factor tational motion includesry, which is interpreted as large-
of 2—3 at most. Halle has suggested that a comparison of MRD amplitude librations related to the lifetime of hydrogen bofids,
experiments to other techniques can be made through the rankand a parameter of the jump diffusion modéthe residence
independent rotational retardation facthyqlrbuk, wherelznyqdl time 7o, which is interpreted as the time scale necessary to
andrpuk are the mean rotational correlation times of hydration overcome caging, by rotational excitation, by surrounding water
water and bulk water, respectively; for MRD, this factor ranges molecules to execute translational diffusiSnn this paper, we

from ~1.0 to 2.5 for small organic solutes and up6.5 for define QENS estimates of the rotational retardation factor for
hydration water near proteins at room temperatfre. the rotational motionﬁrrotll}r:’;'k, and a pseudorotational retar-
Dielectric relaxation measures the collective response of dation factor with the residential timégoﬂhgu'k, and show that
dipolar reorientation to an oscillating electric fiett?> The these ranges are1.0—2.2 and~1.0—3.5, respectively, with
resulting dielectric dispersion profile measuredddute protein the largest values for each factor arising from the first hydration

solutions at room temperature shows two strong signatures: alayer and near the more hydrophobic solute, which agrees with
B-dispersion corresponding to long time scale protein tumbling a fundamental description of the water dynamics as not being
(~30 ns) and a/-dispersion, which corresponds to the orien- grossly perturbed by the solute at room temperature.
tational relaxation time due to bulk water8.0 ps)**~4” Two While the longer reorientational time scales observed from
weaker o-relaxations are present and are attributed to a pR, MRD, and NMR are not directly observed in the shorter
bimodality in the orientational response of water in the first time scale QENS experiments, we propose an analysis of the
hydration layer at the protein surface, with relaxation times on elastic incoherent structure factor (EISF) determined from the
the order 0f~20-60 ps and~1—10 ns#24572The o-disper-  incoherent QENS experiméif€°as an indirect signature of
sions measured by DR have been argued to arise from dynamiqossible longer reorientational relaxation times (greater 1
exchange of bound and free waters at the protein suffade, ps based on the resolution of these current experiments). Further-
and the two time scales give rotational retardation factors of more, the concentration dependence and different amino acid
GnydIrouk ~ 5 and 16—10%, the latter which is in significant  chemistries are manifested in different values of the elastic com-
disagreement with MR Attempts to explain the discrepancy  ponent and provide a complementary view of protein hydration
between these techniques have given rise to a number ofwater dynamics measured by other spectroscopic technigques.
experimental studies and theoretical analysf§:47:63.66.73 We determine that this longer reoreintational time scale involves
Recently, time-resolved fluorescence spectroscopy, which both tight coupling of water dynamics with the solute dynamics
measures a collective environmental response after electronicas well as dynamic coupling of water molecules between inner
excitation of a fluorophore located near the protein surface, hasand outer hydration layers. We suggest that this longer time
been used to study the hydration water dynamics. Severalscale shares a molecular origin with the shorter time scale
solvation dynamics studies have been carried out using eitherd-relaxations measured by DR and possibly the longer time scale
an endogenous tryptophan residue in the protein as a probe ocomponent of TDFSS measured by time-resolved fluorescence
an extrinsic probe covalently attached to the prot&f.63-65 spectroscop§?®
The shift in the fluorophore’s emission frequency with time, Our second goal is to contrast the peptide chemistries and
known as time-dependent fluorescence Stokes shift (TDFSS),their influence on hydration dynamics to clarify the role of the
is measured and then interpreted in terms of linear responsespatial heterogeneity of dynamics near protein sur-
theory that equates the TDFSS to a time correlation function faces3>811.12.2426.34,36-38 \\e report stretched exponential fits
of fluctuations of solvation energy from its equilibrium value. to the experimental intermediate scattering functions (obtained
Whether the probe is situated in the protein or on the protein from the Fourier transform in the frequency plane of the
surface, the technique measures both protein and aqueous solvemheasured incoherent dynamic structure factor) for both the
dynamics that must be further resolved into distinct protein and hydrophobic and hydrophilic peptides at all concentrations. An
hydration components based on analysis of molecular dynamicsimportant difference between the solute chemistries at the
simulations!® Recent time-resolved measures of tryptophan highest concentration studied is a more pronounced anomalous
fluorescence for two proteins generate a profile with two distinct translational diffusion signature for NALMA? including a
time scales, one corresponding to bulk water dynamics bf smaller stretched exponefitand a longer structural relaxation
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time 7 than those found for NAGMA. The more normal CyandQ)

. . . . . . ran. _ 1 tran

diffusion exhibited in the hydration dynamics near the model She Q) = P 5 3)
hydrophilic backbone provides experimental support for an 0"+ (FyandQ))

explanation of the origin of the anomalous diffusion behavior
of NALMA as arising from frustrated interactions between water
molecules when a chemical interface is formed upon addition
of the hydrophobic side chafd, thereby inducing spatial
heterogeneity in the hydration dynamics in the two types o
regions of the NALMA peptide.

wherel'yansis the half-width at half-maximum of a Lorentzian
function. We have found that the translational Lorentzian is best
fit to a random jump diffusion model, which considers the mean
f residence timey for one site in a given network before jumping
to another sitg8

Materials and Methods T Q) = DtransQ2
Completely deuterateld-acetyl(d)-glycine(d)-methylamide- ran 1+ Dt,anstrO

(d3) (NAGMA, MW = 138 kDa) was purchased from CDN

Isotopes, Canada. The 3.0 M solution was obtained by dissolu-where the mean jump diffusion lengths defined in this model
tion of the completely deuterated amino acid powder in pure as L = ,/6D,,,Z, and Dyans is the translational diffusion
H,O (18 HO/solute), and t 1 M (55 HO/solute) low- coefficient between two sites.

concentration sample was obtained by diluting the 3.0 M Water rotational relaxation is described using the Sears model
solution. To remove small aggregates, the samples werefor hindered rotational diffusion on the surface of a spi¥ére.
centrifuged (10 min at 10 0@) before measurement, given a The rotational incoherent dynamic structure factor is

0.5% error in the reported concentration.

The QENS experiments were carried out at the National .2 > .o
Institutes for Standards and Technology Center for Neutron Sel Q@) = jo (Qa)(w) + Z(ZI +1
Research, using the time-of-flight disk chopper spectrometer a
(DCS¥! operating at a 7.5-A wavelength, with an energy 1 I+ 1)Dyqy
resolution of 35x4eV at full width at half-maximum (fwhm) (Qa);r P 2 ()
and a wave vector range of 0.15A< Q < 1.57 AL The o+ (I + 1)Dyy)
Gly(D)/H,O samples were contained in the 0.1-mm-thick
annular space between two concentric thin-walled aluminum
cylinders of radius 10 mm and height 100 mm. Each data . . e - — -
collection run lasted-12 h. All measurements were performed (El)cr)%ll?lz:thees r&t:tf:(inﬂﬁtisr:ﬁno?osfﬂge?rt{e Fﬁglgv&atwh;t:hhalf-
at room temperature. Spectra were corrected for scattering by . . - . g S
the sample container, and a standard vanadium sample was useg aximum '.SF“" i ZDE“ which corresponds to a characteristic
to determine relative detector efficiencies and the energy rotational time ofryot =1/6Dror

resolution function. The data were corrected and analyzed USingre;rtrr]iitgrjst/(t)i:memeiqlc?r:grgestﬁgmdz:g tgr? ;?c:m;atc)torr“g;g;: d
the DAVE software (http://www.ncnr.nist.gov/dave/). P y yarog DY

rotation, and is known as the elastic incoherent structure factor
Experimental Analysis (EISF). In the Sears model, the EISF corresponds to a spherical

. . . . form factor. Convoluting eq 3 with eq 5 and excluding terms
The guasi-elastic neutron scattering experiment measures theg, i, | > 1 eq 2 becomes

double differential incoherent scattering cross section

4)

wherej; is a spherical Bessel function of order is the radius
of the sphere on which the motion of water protons occurs, and

— (23 | - FtraniQ) N
2 o (Qu) = e @B (jaqyt v | g2
dgggz%%NS”c(Q’w) o ERRRCUER ((6)
1 [t IﬂtranJQ)
(Qa); (6)

whereoinc is the total incoherent scattering cross section per 0° + (T + Tyarnd Q)
scattererN is the number of scatterers,andks are the wave

vectors of the incident and scattered neutréis the momen- To the extent that terms with > 1 can be neglected, the
tum transfergw is the frequency transfer, argh(Q,) is the experimental EISF i$and Q)/[ltrandQ) + lrot+trand Q)l, Where
incoherent dynamic structure factor. The analysis involves fitting lrand{Q) andlot+rand Q) are the experimental integrated intensities
the incoherent dynamic structure factor to a sum of Lorentzian of the first and second terms, respectively, in et} 6.
contributions convoluted with the instrumental resolution. On It is possible to estimate from the experimental EISF the
the basis of the fits, we further interpret the data using the fraction of hydration atoms that are rotationaltymobilg i.e.,

following analytical models traditionally applied to liquids’® hydrogen motions that are faster or slower than the experimental
We assume th&n(Q,w) can be expressed as a convolution resolution. Therefore, the dynamics can be characterized by two
of three different kinds of proton motiéh’s populations’© a fractionp of protons with correlation times that

are very different with respect to the energy resolution, which
_ _[P3 tran ot in this experiment corresponds to rotational motion outside an
Sn( Q) = She (Q) ® S(Q) @) experimental window of 1.013.5 ps, while the dynamics of
the (1— p) protons gives the total quasi-elastic signal. The EISF
where the exponential term is the Deby&/aller factor, which can therefore be written as
represents the reduction in intensity due to molecular vibrations,
. . . . 2
[*Cbeing a mean-square displacement. The second and third EISF=p+ (1 —p) (j,(Qa)) (7)
terms are the translational and rotational incoherent dynamic
structure factors, respectively. The translational scattering and in the limit thalQ — « we can determine the value pfas
function is written as the constant elastic contribution. It is intuitive that the immobile
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fraction valuep changes as a function of resolution, which has 25 . , . . ; . .
also been discussed in ref 80.

To study the distribution of the translational relaxation time,
we also analyzed the experimental intermediate scattering
function, Fy(Q,t) for both solutes at all concentrations. The
Fourier transform ofS,(Q,w) has been generated using the
DAVE fast Fourier transform utility, and to avoid contributions
from the fast dynamics component (previously characterized
as large-amplitude librational movements), we normalizgd
(Q,t) to unity att = 5 ps.

S(Q,m)

Experimental Results

Translational and Librational Dynamics. To characterize
the hydration water dynamics near a primitive protein backbone
model, the scattering profile of the completely deuterated
NAGMA solute in O has been measured at room temperature
for both 1.0 and 3.0 M concentrations. The 1.0 and 3.0 M
NAGMA concentrations were chosen to match the-®2® M
NALMA concentrations’” 38 using the weight percentage ap- y T ; T ' I '

; ; ; -1.0 05 0.0 05 10
proach. Molecular dynamics simulations to be reported else-
wheré3 also confirm that for each solute the low concentrations Energy (meV)
have a hydration level of-23 hydration layers, while the highest
solute concentrations correspond to one hydration layer sharec

Residuals

between solutes. The high solute concentrations are unigue in % Q=084 A"
measuring a single hydration layer at the peptide surface, while 1 b ]
the low concentrations allow us to distinguish, based on the 6 .

_—
[~}
=]

high-concentration results, the outer-layer hydration dynamics.
Given the small atomic fraction of solute molecules and the @ ;]
relatively small scattering cross sections of the deuterated solute®’ 1
atoms as compared with that of normal hydrogen, we shall
ignore incoherent quasi-elastic scattering from the solute.

The fits to the NAGMA data all required two Lorentzians

HETE e

ErpEE TS

and a flat background. Figure 1 shows two examples of fits, 0 , : ; ; — - - =
with relative residuals, of the incoherent dynamic structure factor 1.0 05 00 05 10
measured at 3.0 M NAGMA concentration, @t= 0.84 A1 w 021 : l ' [ ' ' :

and Q = 1.25AL. The dashdot line is the background § e

component that takes into account all movements that are too 2 gf:

fast to be observed within the chosen energy window, e.g., low- 2 021

energy vibrational modes. The narrow Lorentzian function 031

(dashed line) is indicative of translational motion and, based d | - T T T -

on the dependence &f(Q) with Q2 is best described with a 1.0 035 00 05 10
jump diffusion model. The broad Lorentzian component (dotted Energy (meV)

line), which describes short time scale movement, is identified Figure 1. Incoherent structure factor spectrum for 3.0 M deuterated

as water rotational motio#:®8 The solid line is the sum of the ~ NAGMA in H,0 at 25°C, measured at 3%eV (open symbols) fota)

three fit components. Q ~ 1.25 At and(b) Q ~ 0.84 AL The solid line is the total fit
Figure 2 plots the line width at half-maximum due to Ccomponent resulting from the convolution of the two Lorentzian

. 2 hila Ei ; ; functions and the flat background. The Lorentzian fits to the spectra
tr??]SIﬁtlorﬂfa”E(Q) \(/jersutsQ ' \{vfyle Fllguret_3 plots the I|neZW|(1th (dashed lines) show good separation of widths and intensities and are
at half-maximum due to rotational motidro: versusQ’, o typical of the qualities of the fits for all spectra measured in this study.
the water hydration dynamics for NAGMA at the two different = The residuals show that the quality of fit is good in the energy range

concentrations, respectively. We present on the same plots theof the experiment.

translational and rotational contributions of the NALMA hydra-

tion dynamics at room temperature for 0.5, 1.0, and 2.0 M translational diffusion coefficierDyansand the residence time

solutions. Since the NAGMA rotational component has been ty, obtained from the jump diffusion model, and the rotational

characterized here using the 3&V resolution, while the relaxation timer,t from the Sears model as a function of

NALMA rotational data were extended by an additional concentration. For comparative purposes, we also report in Table

experiment at 8LeV as described in refs 37 and 38, there is a 1 the corresponding values analyzed as a function of NALMA

difference in theQ range measured between the two solutes. concentratioff-33as well as a few reported bulk water valtiés’

Although the rotational part of the NAGMA dynamics would These measures of hydration water dynanikgys 7o, andzyot,

be better described by an additional low-resolution experiment are averages over a population of proton motions whose time

to characterize a widép range, we consider the presented data scales are directly resolvable in the experimental resolution of

satisfactory for the general interpretation of the dynamics that this QENS study.

we present. In Figure 2a'yand Q) for the high-concentration solute data
We analyze the new NAGMA hydration data reported in exhibits a pronounced plateau at high value€aind a slope

Figures 2 and 3 with the analytical model fits described in the measured at the smallest value<f<1.0) to give a residential

Methods section. We report in Table 1 the hydration water time and translational diffusion coefficient value for 3.0 M
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Figure 2. Half-width at half-maximum of the Lorentzian function, Figure 3. Half-width at half-maximum of the Lorentzian function,

: - : T, plotted vsQ? corresponding to the rotational motions of protons
TrandQ), plotted vsQ? corresponding to the translational motions of ot . ;
protons for NAGMA and NALMA at different solute concentrations: for NAGMA and NALMA at different solute concentrationég) 3.0

M deuterated NAGMA and 1.0 and 2.0 M deuterated NALMA igH
a) 3.0 M deuterated NAGMA and 1.0 and 2.0 M deuterated NALMA .
i(n) H,0 and (b) 1.0 M deuterated NAGMA and 0.5 M deuterated ﬁ'nd(b) 1.0 M deuterated NAGMA and 0.5 M deuterated NALMA in

NALMA in H 0. 20.

NAGMA that are substantially suppressed, approaching valuesNALMA, the lowest concentrations measured. We attribute to
more typical of a supercooled water translational diffusion this concentration an inclusion of outer-layer water dynamics
coefficient and corresponding long residential time, as was seenin addition to the first-hydration-layer dynamics measured at
in our earlier NALMA study. Nonetheless, as shown in Figure the highest concentrations. Although the lower-concentration
2a and Table 1, the transport values from the jump diffusion hydration water exhibits faster translational dynamics than those
model,Dyansandto, are significantly faster for 3.0 M NAGMA  of the higher concentration, the translational dynamics do not
than those measured for 2.0 M NALMA, while based in Figure fully recover to room temperature bulklike values for either
3a the rotational time scales for 3.0 M NAGMA are found to solute. From Figures 2b and 3b and analysis reported in Table
be comparable to 2.0 M NALMA. The difference in translational 1, it is evident that the translational and rotational time scales
dynamics that the NALMA and NAGMA solutes invoke in their  for the low-concentration NAGMA are equal to those measured
surrounding hydration layer stems from their different chem- at the corresponding low-concentration NALMA. For these
istries, which we examine more closely below in our analysis resolvable proton populations, the outer-layer hydration dynam-
of the intermediate scattering function. ics for translation and libration are apparently not affected by
In Figure 2b, we show the translational hydration water the particular “flavor” of the solute. This is consistent with our
dynamics comparisons between 1.0 M NAGMA and 0.5 M previous work on the lower-concentration NALMA solutions,
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TABLE 1: Experimental Values for Hydration Water Dynamics at Room Temperature for NAGMA and NALMA as a
Function of Concentration

transport property bulk watér’® 1.0 M NAGMA 3.0 M NAGMA 0.5 M NALMA 1.0 M NALMA 2.0 M NALMA
Dirans (1075 cé/s) (JDY) 2.3 1.65 1.10 1.65 1.26 0.75
Dirans (1075 cn?/s) (ISP?) 1.61 1.10 1.25 0.67
7o (ps) (IB) 11 0.9 2.4 0.9 1.9 3.6
Trot (PS) (HR) 1.0 1.0 2.0 1.0 1.0 2.2
p value (EISH) 0.66 0.43 0.54 0.38 0.33
avalue (A) (EISF) 2.1 18 1.9 1.8 1.9

aTranslational diffusion coefficienDyans and the residence time, of water based on the jump diffusion modeTranslational diffusion coefficient,
Duans based on the analysis from the experimental intermediate scattering furid®otational time scale for watet,o, based on fit to Sears
hindered rotation modef.Immobile protons.

which showed that the outer-hydration-layer translational dy- T 7T T
namics are largely independent of the first-hydration-layer 09_' * § a ]
dynamics. Thus, the equivalence between the translational and o $ ' |
the rotational dynamics of low-concentration NALMA and 084 i ]
NAGMA solutions is consistent with the molecular hypothesis ] % g @ § ]
of an outer-sphere hydration layer that is only affected by an 0.7 4 ) * » % % % -
excluded volume effect in the water hydrogen-bonding network. 1 ' i o * % % % 1
Together, the jump diffusion and Sears models have been 08 A oo 7
used to interpret hydrogen-bond lifetimes and caging effectsin 05_‘ - . A s ]
water dynamics that are related to different reorientational @ ™ | .
processes of water molecules in the neat liguifl or in w4 4 g
solution84-86 The rotational component corresponds to large- ] g ;m mgm frra ]
amplitude librational motions that can be related to the average 0.3 4 !
hydrogen-bond lifetimé! while the residence time of the jump 1 % 05NALMA :
diffusion model can be interpreted as a measure of the time 029 & 1M NALMA il
necessary for a water molecule to break from its hydrogen- 01l ® 2MNALMA ]
bonded neighbors by rotational excitati®hAt high solute o
concentrations or lower temperatures, these two time scalestend oo
to diverge since the residence time measures a caging effect 00 02 04 06 08 10 12 14 16
requiring cooperative motion among more than one hydrogen- QA"
bonding partner to execute diffusi®hTherefore, we can define
a QENS rotational retardation factét,(Zr’4< and a pseu- 1.0 ————————T——T——
dorotational retardation factatoZz3"*. For either NAGMA or 09 ]
NALMA at room temperature, we find thﬂmﬂ}rf,’;‘t'k ~ 1.0 o
2.0, while @)™ is ~1.0-3.5. The rotational retardation 08+ T

factor for the average single-hydrogen-bond dynamics is in good 0‘7_'
agreement with what is observed by MRD for small-peptide |
systems#4*and the upper bound of 2.0 is found for the high- 06
concentration data and therefore most directly originates from & 1
the first hydration layer. The pseudorotational retardation factor ' |
for the residence time, is found to range significantly beyond 0,4 -
the upper bound of2.5 of the MRD measurement for small
solutes. This is most certainly due to the implicit collective
caging effect of the surrounding water molecules on the motion 0,2_' O 1M NAGMA
of a central water molecule that exaggerates this upper bound { ® 2MNALMA
relative to the single-particle dynamics measured by MRD. 0,1+ -
Furthermore, the upper bound Efﬂrg“"‘ = 3.5 occurs in the 00 | |
first hydration layer of the more hydrophobic solute. "2 04 06 08 10 12 14 16
Elastic Incoherent Structure Factor. In Figure 4, we present 4
the EISF of hydration water, arising from rotational motions, QA
for different concentrations of NALMA and NAGMA at room  Figure 4. (a) EISF of hydration water plotted \@ for 1.0 and 3.0 M
temperature. Although the EISF formally gives information NAGMA and 0.5, 1.0, and 2.0 M NALMA concentrationg) EISF

bout th t f th tati int tati b d of hydration water for 2.0 M NALMA and 1.0 M NAGMA concentra-
about the geometry of the rotations, Interpretations based 0Ny, yith the fit to eq 7 of the text. The solid lines are the fits, with

eq 7 imply that it indirectly measures hydration water dynamics the fraction of immobile protonp and the radius given in Table 1.
over a population of proton motions whose time scalesate

directly resolvable in the experimental resolution of this QENS data (in ref 37 we used the low-resolution data) to be consistent
study (corresponding to time scaled3 ps). In Table 1, we  with the resolution used in this work for NAGMA. Therefore,
report the values op and a for the NALMA and NAGMA the values reported in this work for the NALMA data are
solutions as a function of concentration as inferred by adjusting different from those published in ref 37 because of the different
eq 7 to the experimental EISF. We have reevaluated the resolution.

rotational EISF for all of the concentrations of NALMA In the comparison between solutes, we note that both show
solutions at room temperature using only the high-resolution similar trends in the elastic fraction between the high- and the
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low-concentration solutions (Figure 4). Fer> 0.5 A1, the
lowest concentration NAGMA data show a higher fraction of
the elastic intensity~{65%) with respect to the more concen-
trated NAGMA solutions£40%). These population differences
are ~50% and~30% for the low- and high-concentration
NALMA solutions, respectively. In other words, the less

Russo et al.

data is consistent with peptide-driven motions of the first

hydration layer, while the low-concentration data introduces a
new reorientational motion that is solely due to hydration water
dynamics, involving dynamic coupling between inner and outer
hydration layers and consistent with the shorter time scale
o-dispersiorf2-4547Together, these results suggest that the faster

concentrated solutions have a greater percentage of protons witttcomponent of thé-relaxation could be made to disappear for

a correlation time longer than the resolution window of 13 ps.

proteins under severe hydration conditidhsOur QENS

Correspondingly, the first hydration layer as measured by the measurements and interpretation may also be consistent with
high-concentration solutions can resolve a majority of protons those observed in the TDFSS profile (if relaxation due to the

to reside within the experimental resolution window. Thus,
moving from a single hydration layer to2—3 hydration layers

protein environment can be unambiguously removed).
Intermediate Scattering Function Analysis.At the relatively

gives rise to a change in the population of protons executing high solute concentrations examined here, the time scales for

short versus longer time scale reorientational motions.

Most DR experiments on hydration water near the protein
surface have resolved a bimodality in the (collective) orienta-
tional response, with relaxation times on the order of-20
ps and +10 ns @-relaxation)*2=4> The shorter time scale
o-dispersion ¢3 in the ribonuclease A study was assigned
initially to hydration water dynamics by experiméht** and

local librational motion are shorter than measured residence time
scales because waters are caged by local neighbors, requiring a
cooperative motion to execute diffusi®hThis caging effect is
crudely captured by the jump diffusion model through its
average residence time scale paramefgrthat represents
deviations from normal Brownian diffusiofi. To study the
distribution of the translational relaxation time from the perspec-

given a molecular origin as dynamic exchange between boundtivé of a more complex structural relaxation point of view, we

and free water at the protein surfaéé372Recent DR experi-
ments on relatively concentrated solutions of ribonucleaéé A,
which observes threé-relaxation modes, attribute the 40 ps
component ¢3 mode) unambiguously to the hydration water
dynamics, while the assignment of the longer time sedle-

10 ns mode (and/or an additional500 ps mode) remains
controversial. However, recent MD simulations and DR experi-
ments give evidence that the longer time seaidispersion is
related to proteirwater cross interactiorf§:56 Thus, there
seems to be consensus that 0 ps time scale measured by

DR is a consistent signature of hydration water dynamics near
biological solutes. Furthermore, through the use of a simple
continuum model based on the relation between the single-

particle orientational relaxation and DR&° recent molecular
dynamics simulations of a micellar solution show that the DR
signal at ~40 ps correlates quite well with the-20 ps

component observed in the single-particle orientational dynamics

of hydration water2 Recent time-resolved fluorescence spec-
troscopy found a slower solvation time scale~e20—40 ps
(depending on protein and position of the tryptophan fluoro-
phore) in the TDFSS profile, and it is believed to reflect the
slow hydration water dynami&:%> In fact, a recent MD
simulation study of the protein HP-36 further resolves an
intermediate component of9—18 ps, likely to arise from
“quasi-bound” water, in addition to a slow componentef8—

84 ps corresponding to waters that are likely hydrogen-bonded

to the protein surface with much longer residence tites.

analyzed the experimental intermediate scattering function,
Fu(Q,t) for both solutes at all concentrations.

The Fourier transform o8(Qw) has been generated using
the DAVE fast Fourier transform utility, and to avoid contribu-
tions from the fast dynamics component (previously character-
ized as large-amplitude librational movements), we normalized
Fu(Q,t) to unity att = 5 ps. In Figure 5, we present thg(Q,t)
for 1.0 and 3.0 M NAGMA concentrations as a function(@f
We fit the long time decay dfy(Q,t) to a stretched exponential
form

Fu(Q.t) = exp[—(t/7)’] (8)

where deviations fronff = 1 are signatures of a pronounced
slowdown in dynamic processes with a characteristic relaxation
time 7, which is believed to be related to spatial heterogeneity
in the dynamic8€%-°3 In fact, the origin of the nonexponential
form is thought to arise from anomalous diffusion that is
controlled by a local structural relaxation or “cage effect” as
discussed from the MCT theory of supercooled liqiii¥ The
dependence of #/iversusQ? is then proportional to the water
translational diffusion coefficient in the limit o — 0 and
numerically evaluated from the slope f@ < 1.0 A~ As
shown in Table 1, we find good agreement between the diffusion
coefficient inferred from the stretched exponential analysis and
the jump diffusion model.

Figure 6 reports the fitted stretched exponghés a function
of Q for 1.0 and 3.0 M NAGMA and 0.5 and 2.0 M NALMA

The higher-concentration solutions (which have on average from the QENS experiments. The qualitative behavior for both

only one hydration layer shared between solutes) show3ih-

solutes is g3 exponent that is relatively flat, as also seen in

40% population of protons that reside outside the experimental previous experimentgin contrast with simulation results that

resolution. A plausible explanation is that this elastic fraction

always exhibit 8 exponent with a stronge dependencé*°

is due to water motions that are strongly coupled to the solute However, the difference between the solutes is manifest most
motions, since the single-hydration-layer dynamics that are gjrectly in the highest concentration and therefore in the first
measured are by design tightly integrated with the peptide hydration shell, where thé for NALMA deviates significantly
surface. However, for low-concentration solutions, which show from 1, reaching values as low as 0.75 for sanealues, while

an~50—-65% elastic fraction, it is likely that in addition to the
component arising from this coupled motion (possibly less

the correspondingg exponent for NAGMA shows relatively
smaller deviations from 1. We also see larger structural

dominant than that for hlgh Concentrations) there is an activation relaxation timesg, for high_concentration NALMA relative to
of an additional population due to the dynamic coupling between NAGMA. Together, thed exponent and signatures imply that

inner and outer hydration layers.

Together, our high- and low-concentration data from the
QENS analysis of the EISF suggest a bimodality in the

the first-hydration-layer water dynamics in the NALMA solution
exhibit a wider distribution of time scales that is dominated by
the long time tail than the water dynamics for the NAGMA

reorientational response. We find that the high-concentration solutions. This difference between solutes is also evident when
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Figure 5. Self-intermediate scattering function from experimenQat
~ 0.44 A1 andQ ~ 1.54 A1 (symbols) and the stretched exponential
fit (line): (a) 3.0 M NAGMA and (b) 1.0 M NAGMA.

the first-hydration-layer dynamics are analyzed by the jump
diffusion model, in which there is evidence of a strong caging
effect in the translational motion for NALMA.
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Figure 6. Stretched exponential paramefiefrom the fit to experiment

at different Q values for NAGMA and NALMA as a function of
concentration. We show the error bar in regard to the fit for the highest
concentration used for NAGMA and NALMA and similar error bars
were found for the other concentrations as well.

exaggerated as the temperature is lowérékhis experimental
study shows that the loss of distinct heterogeneity in the
chemistry when going from NALMA to NAGMA and the
accompanying loss of frustrated interactions with water result
in a hydration dynamics signature (a smatlend a3 exponent
closer to 1) that looks more like normal diffusion.

Discussion and Conclusions

In this paper, we have reported new incoherent QENS
experiments on NAGMA as a model peptide backbone and
contrast the hydration dynamics with those measured near the
model NALMA hydrophobic peptide at similar concentrations.
For dynamic averages generated over the resolvable proton
motions, the 3.0 M (high) concentration NAGMA data shows
a translational diffusion coefficient, residential time, and
rotational diffusion constant that are suppressed with respect
to bulk water but which are significantly faster than those
measured for the hydrophobic NALMA peptide at a comparable
high concentration. At lower solute concentrations that cor-
respond to at least one additional hydration layer, the transla-
tional and rotational dynamics of water near the two peptides
are equivalent, suggesting that the perturbation from bulk water

We believe that the anomalous dynamics of the first hydration dynamics for outer hydration layers arises from changes in the

layer for NALMA, compared to the more normal water diffusion

water hydrogen-bonding network due to the excluded volume

near the NAGMA backbone, are due to spatial heterogeneity effect.

in the water dynamics. This spatial heterogeneity in the water

dynamics is in turn due to the heterogeneity of the NALMA

However, our analysis of the EISF from incoherent QENS
shows that a significant fraction of the hydration water popula-

chemistry when a chemical interface is formed upon addition tion is slowed by at least a factor of 10 with respect to the bulk

of a hydrophobic side chain to the hydrophilic backbone. As
we reported in ref 37 for simulations of NALMA hydration

water. We find significant fractions of elastic intensity at high
and low concentrations for both solutes, which correspond to a

dynamics under ambient conditions, which have been observedgreater population of protons with rotational time scales outside

in other simulation studies on model peptideéshe average

the experimental resolutiorr(L3 ps). The higher-concentration

residence times for labeled water near the hydrophobic side solutions show an-30—40% elastic fraction that we attribute

chain are shorter, and the corresponding orientational correlationto water motions that are strongly coupled to the solute motions,
function is faster, while the waters near the hydrophilic backbone while for low-concentration solutions, which show slow popula-
are dramatically slower by these two measures. Furthermore,tions of ~50—65%, an additional component is activated due
that separation of time scales in the two regions becomes moreto dynamic coupling between inner and outer hydration layers.
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Some of the slow dynamics are due to watsolute couplings, dynamics is composed of long time scales in the first hydration
perhaps manifested as conformational transitions of the peptide layer due to a strong caging effect in the translational motion
similar to coupling arising from motions of side chains on the as well as short time scales (based on simulation studies) in
protein surfacé’ As hydration layers are added and thus which we find that the average residence time for labeled waters
dynamic coupling of water molecules between hydration layers near the hydrophobic side chain is much shorter and the decay
becomes possible, the activation of new reorientational response®f the corresponding orientational correlation function is much
of the water molecules takes place, consistent with the deter-faster, in contrast to the hydrophilic backbctié€? This is to
mination of a larger elastic fraction measured by QENS for the be contrasted with the case when water solvates a purely
lower-concentration solutions. hydrophobic or hydrophilic solute of the same size, where it is

Our QENS measurements and interpretation may also beSeen that the water residence times are always long-lived near
consistent with the 2040 ps component measured in the the homogene.ous but dlfferenF solute che.mlsﬁ?dgeturnlng
TDFSS profile using time-resolved fluorescence spectroscopy. f0 the population differences in the elastic fraction from the
Recent phenomenological theofe® involving a dynamic EISF, we note that the hydrophobic amino acid has the smaller
exchange between protein-bound water and outer hydrationelastic fraction by~10-15% compared to the hydrophilic case
layers or even bulk water that have been used to explain bothat both concentrations. We speculate that this smaller fraction
the shorter time scak&dispersion from DR as well as the longer  for NALMAis a result of faster and resolvable water molecules
time scale solvation dynamics from the TDFSS préfiféwould in the hydration layers due to instability of the water network
give credence to an agreement between QENS and time-resolved? the hydrophobic region of the peptide. _
fluorescence spectroscopy. We plan an extensive molecular The more normal diffusion exhibited in the hydration
dynamics analysis of these systems to evaluate the dielectricdynamics near the hydrophilic backbone model provides

response and time-resolved fluorescence signatures and th&xPerimental support for the origin of the anomalous diffusion

as postulated here. between water molecules when a chemical interface is formed
The rotational retardation factors measured by QENS on shortYPON addition of a hydrophobic side chain, which induces spatial

time scales are in quantitative agreement with those measure(Jjet.erOQene'ty in the hydrat_|on dynam_|cs in the two types of
by MRD.!® However, we conclude that the longer rotational regions of the NALMA. peptlde._lt provides a be“‘?r mole_cu_lar

motions heasured b3’/ incoherent QENS, recent DR eXperimemsunderstandlng that it is at the interface of chemically distinct
for the fasto-dispersion, time-resolved fluorescence spectros- domains on the protgm surface tha’g is the origin of the
copy, and MRD converge on a molecular view of hydration hepero_geneous dynam|_cs of the hydra_tlon water. An important
water dynamics, at room temperature, that is in fact perturbed point is that the resultingaster dynamics near hydrophobic

by factors of 2-50 with the biological solute present but not regions of a c.hemlcally heterogeneous protein suffdte
. ) . . contradict the view of clathrate water structure that undergoes
by orders of magnitude. (Hence, the long time sdatéspersion

from DR remains controversial but seems unlikely due to slower dynamic transitions for rearrangements of the hydrogen-

hydration water dynamié&9. Furthermore, the range in bonding network, near a heterogeneous protein surface.
rotational retardation factors due to hydration depends on

whether we are comparing peptides versus proteins or comparingOf
different proteins, whether we have a collective measure of
dynamics (DR and TDFSS) versus a single-particle probe (MRD
and QENS), whether the experiment yields a mean correlation

gme_l(DdR, MRlD,_and ce:tal_n ak:\aly&s of _lelzNS% VErSUs amore ¢ giangards and Technology, U.S. Department of Commerce,
etailed population analysis that s possible when measuring &, providing the neutron research facilities used in this work.

time correlation function (TDFSS, the intermediate scattering b p thanks JosEeixeira (LLB, France) and J.M Zanotti (LLB
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